The crystal structures of six novel salts of 4-nitrobenzoic acid -namely, 2-hydroxyethylammonium 4-nitrobenzoate
Introduction
It is known that the most successful strategy for crystal engineering takes advantage of hydrogen-bonding interactions between molecules as the principal means to control molecular self-assembly during crystallization. This method takes advantage of the strong directing capability of hydrogen bonds to organize individual molecules into supramolecular aggregates that have well-defined structures. These supramolecular aggregates often have unique chemical and physical properties due to the collective behavior of these weakly bound molecules. Hydrogen bonds have been used to generate supramolecular assemblies of organic molecules with structures that can be controlled selectively in one and two dimensions [1] . This article is devoted to studying of molecular packing in crystalline materials by using organic salts as molecular building blocks. One advantage in using organic salts rather than neutral organic molecules is that hydrogen bonds between ions generally are stronger than those between neutral molecules. Another advantage is that the ability of cations and anions to function as hydrogen-bonding donors or acceptors can be tuned using acid-base chemistry.
Ionization is often used as a simple chemical tool to improve the physicochemical and biological properties of a compound with ionizable functional groups [2] [3] [4] . Thus, the biological performance of a carboxylic acid can be dramatically altered by its ionization to a carboxylate. Generally, the ionizable bases can be inorganic or organic, linear or cyclic, hydrophilic or hydrophobic bases, and the bases are often chosen empirically. Investigation of such compounds possessing organic cations and organic or inorganic anions can also be valuable because these compounds can provide interesting supramolecular networks [5, 6] . The design of new supramolecular architectures [7] requires the identification of suitable supramolecular modules and usage of such connectors in the assembly of organic and metal-containing networks. It was shown [1] that salts of imidazole with one monocarboxylic acid, nine different dicarboxylic acids, and one tetracarboxylic acid serve as building blocks that self-assemble via ionic O-H. . . O and N-H. . . O hydrogen bonds when crystallized. These strong hydrogen bonds generate two types of chains that intersect at the anions and form polar hydrogen-bonded layers with four different motifs.
In order to investigate the molecular packing in crystal structures of salts containing the same anion but different cations, the present paper focuses on the crystallographic studies of the six salts of 4nitrobenzoic acid, namely 2-hydroxyethylammonium 4-nitrobenzoate (I), 2-hydroxypropylammonium 4-nitrobenzoate (II), 1-(hydroxymethyl) propylammonium 4-nitrobenzoate (III), 3-hydroxypropylammonium 4-nitrobenzoate (IV), bis-(2-hydroxyethylammonium) 4-nitrobenzoate (V), morpholinium 4-nitrobenzoate (VI).
Experimental
All the purchased reagents have the highest purity grade and were used without any further purification. The FT-IR spectra were recorded on a JASCO FT/IR-680 spectrometer and UV spectra on PERKIN-ELMER UV/VIS spectrophotometer LAMBDA 12. Melting points were measured on a Boetius instrument and were uncorrected. [8, 9] All the salts were synthesized from 1:1 molar amounts of 4-nitrobenzoic acid and 2-amino-1-ethanol, 1-amino-2-propanol, 2-amino-1-butanol, 3-amino-1-propanol, bis(2-hydroxyethyl)amine, and morpholine respectively. An equivalent amount of corresponding freshly distilled amine was added portion-wise to the solution of the acid in an appropriate solvent (ether for I-IV, acetone for V and water-toluene mixture 1:6, for VI) under vigorous stirring at reflux. In this neutralization reaction, the ammonium salts started to precipitate when the amine was added. The system was heated to reflux for 30 minutes more to complete the reaction. The obtained ammonium salts were insoluble in the ether, acetone, or toluene that remained after the azeotrope distillation in the case of compound VI (azeotrop contains 19.6 % water and boiled at 84.1
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• C). After cooling at room temperature, the salts were recovered by filtration under vacuum, washed with acetone, and dried under ambient conditions for 24 hours. This reaction had a yield of about 87-90 %. The purity of these ammonium salts was determined through an UV spectrophotometric method, which consists in determining the acid concentration by measuring the UV absorbance (in NaOH 0.1M) at λ max = 273.6 nm (log ε = 4.09) [10] . The re-crystallization of the salts to obtain suitable crystals for the XR-analysis was carried out by slowly cooling their saturated ethanol solutions, a process accompanied by a slow evaporation of ethanol. The elemental analysis was in agreement with the expected stoichiometry. 
Data collection and structure refinement
The X-ray data for I and V were collected at room temperature on Siemens P3/PC diffractometer, for II, IV, and VI on Bruker AXS Smart single crystal diffractometer with CCD area detector and for III on CAD4 Enraf-Nonius' diffractometer. The structures were solved by direct methods with the software SHELXTL-NT V5.1 inserted in the Bruker AXS software [11] . The refinement of both structures proceeded similarly (SHELXL-97 software [12] ). The non-hydrogen atoms of the asymmetric unit atoms were refined anisotropically (full-matrix least squares method on F 2 ). In the compounds II-IV and VI the hydrogen atoms were placed in calculated positions with their isotropic displacement parameters riding on those of parent atoms, while for I and V the H-atoms were found from differential Fourier maps and refined without any constrains. The X-ray data and the details of the refinement for I-VI are given in Table 1 ; the geometric parameters for H-bonds are given in Table 2 . Crystallographic data for I-VI were deposited with the Cambridge Crystallographic Data Center and allocated the deposition numbers CCDC 257807, 257808 and 271183 -271186. These data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cambridge Crystallographic Data Center, 12, Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.) +44-1223-336-033; E-mail: deposit@ccdc.cam.ac.uk].
Results and discussion
The ionic forms of I-VI serve as building blocks of the supramolecular architecture and in crystal they are self-assembled via ionic N-H ... O and O-H ... O hydrogen bonds ( Figure   1 , Table 2 ). In I, II, IV, V anions and cations are held together by two charge-assisted hydrogen bonds while in III and VI by one hydrogen bond. The ionic N-H ... O hydrogen bond plays the main role in formation of these pairs and it is present in all investigated compounds. The building blocks of I, II, V and IV generate the supramolecular synthons R Table 2 ). In these layers there is an overlap of the phenyl moieties π-systems with an interplane separation of 3.823Å between the centers of the centrosymmetrical rings which characterizes the π − π stacking interaction in the crystal [15] (Figure 2 (Ib) ). The similar overlap was observed for the purine rings in [16] . In I there is the N1-O4 ... Cg (π-ring) interaction [14] ( In the crystal structure of II the building blocks form the helix-like chains along bdirection due to twofold screw axis via N2
... O5 (9) There is an effect of hydrogen bonding on the geometry of carboxylate groups.While all carboxylate groups in I-VI participate as hydrogen-bonding acceptors, the C-O bond lengths vary significantly with the number and type of hydrogen-bonding donors bonded to the oxygen atom. In the absence of hydrogen bonding and other electronic perturbations, the C-O bond lengths should be equal because of electron delocalization. The formation of single or multiple hydrogen bonds at one oxygen atom should cause the associated C-O bond to lengthen. Thus the differences in C-O bond lengths in carboxylate groups vary between 0.008 and 0.024Å in I-V that more than three times their esd's (Table 3 ) while in VI this difference is equal to 0.0 because the number of the strong hydrogen bonds formed by each oxygen atom in the carboxylate group is the same.
Conclusions
The salts of 2-hydroxyethylammonium 4-nitrobenzoate (I), 2- 
